Abstract. Despite recent advances in understanding colorectal tumour biology, there is still a need to improve the 5-year survival rate of patients with colorectal cancer as approximately 40% of patients presenting with advanced disease will remain resistant to therapy. One of the major contributing factors in resistance to therapy is the failure of colorectal tumour cells to undergo apoptosis. Hence there is an urgent need to develop novel therapeutic approaches that can target apoptosis-resistant cells. To this end, we investigated the potential efficacy of the endogenous cannabinoid anandamide to induce cell death in apoptosis-resistant colon cancer cells. Here, for the first time, we show that anandamide can induce cell death in the apoptosis-resistant HCT116 Bax -/-colorectal cell line. Importantly, we provide direct genetic evidence that this induction of cell death is dependent on COX-2 expression. Interestingly, increased COX-2 expression also sensitised the SW480 colorectal cancer cell line (low endogenous COX-2) to anandamide-induced death, whereas COX-2 suppression by RNAi inhibited anandamide-induced cell death in the HCA7 colorectal cancer cell line (high endogenous COX-2 expression). This COX-2-dependent death was independent of cannabinoid receptor engagement (CB1 or CB2), and not a direct consequence of reactive oxygen species (ROS) formation. This study demonstrates a novel utilisation for COX-2 expression, targeting apoptotic defective colorectal cancer cells for destruction by anandamide. As COX-2 is not expressed in the normal colorectal epithelium, but highly expressed in colorectal tumours and apoptosis resistance contributes to treatment failure, these data suggest that anandamide has the potential to be an effective therapeutic in colorectal cancer.
Introduction
Colorectal cancer remains the second highest cause of cancer death in the UK and despite recent progress, approximately 40% of patients with advanced disease will be resistant to current therapies. One of the reasons for the refractory nature of colorectal tumours to treatment arises from their innate ability to evade apoptosis (one of the hallmarks of cancer described by Hanahan and Weinberg) (1) . Several mechanisms exist by which tumour cells can suppress apoptosis, including Bax mutations, p53 loss, hyperactive survival signalling or up-regulation of anti-apoptotic Bcl-2/Bcl-x L proteins (2) (3) (4) . Therefore the search for new effective therapies is a critical area of research.
In recent years cannabinoids have become increasingly attractive compounds for chemotherapy because they have been shown to have anti-proliferative and cytotoxic properties in many tumour types (reviewed in refs. 5-7). Cannabinoids, both plant-derived and endogenous, are characterised by their ability to activate cannabinoid receptors (8, 9) . Cannabinoid receptors, CB1 and CB2, are G-protein-coupled cell surface receptors classically coupled to the adenylyl cyclase and the cAMP-protein kinase A (PKA) pathway(s) (10, 11) and to the MAPK and PI3K pathways (5, 12) . We have recently shown that activation of the CB1 receptor by the plant-derived cannabinoid, Δ 9 -tetrahydrocannabinol (THC) induces CB1-dependent apoptosis via inhibition of both RAS-MAPK/ERK and PI3K-AKT signalling cascades in colon cancer cells, (two key survival pathways frequently deregulated in colorectal cancer (13) . Furthermore, activation of CB1 was recently reported to attenuate intestinal tumour growth in Apc(Min/ + ) mice suggesting that the endogenous cannabinoid system may represent a potential therapeutic target for prevention or treatment of colorectal cancer (14) .
The identification of cannabinoid receptors led to the hunt for endogenous ligands for CB1 and CB2. Several endogenous cannabinoid receptor ligands are now known to exist, termed endocannabinoids, the first discovered being Narachidonoyl ethanolamide (anandamide, AEA) (15) . Endocannabinoids including anandamide and 2-arachidonoylglycerol play important roles in many biological processes including the reproductive system, cardiovascular system and the gastrointestinal tract (16) . There is also accumulating evidence that endocannabinoids can modulate tumour cell fate-related decisions, such as cell growth, cell invasion and cell death (5) . Anandamide and its analogue methanandamide have been reported to reduce cell growth (17, 18) , inhibit cell migration (19) and invasion (20, 21) , induce apoptosis (22) and induce cell death other than apoptosis (23, 24) in a number of different cancer cells. These effects can be either dependent (17, 19, 20) or independent (22, 24, 25) of CB receptors.
Further evidence for the antineoplastic effects of anandamide comes from in vivo studies involving the inhibition of anandamide degradation by a FAAH inhibitor, N-arachidonoyl-serotonin; for example N-arachidonoyl-serotonin increases available anandamide and results in reduced precancerous aberrant crypt foci formation in mouse colon (26) . FAAH activity normally results in degradation of anandamide into arachidonic acid and ethanolamine ultimately producing prostaglandins via cyclooxygenase 2 (COX-2) (27) . Alternatively anandamide itself can be metabolised by COX-2 into prostaglandin ethanolamides (PG-EAs) (28) . Previously, we have reported that the ability of anandamide to induce cell death correlates with endogenous COX-2 levels and that pharmacological inhibition of COX-2 activity by selective NSAIDs can decrease the sensitivity of the colorectal cancer cells to anandamide (23) . This led to the hypothesis that, as COX-2 is over-expressed in approximately 85% of colorectal tumour cells (29) , high COX-2 expression could be targeted by anandamide to induce cell death in the cancer cells.
Here, we show that anandamide can induce cell death in the apoptosis-resistant colorectal cancer cells. Analysis of the anandamide-induced death in the HCT116 Bax -/-cell line (30, 31) revealed the induction of non-apoptotic cell death previously observed (23) . Importantly, this cell death is dependent on the expression of COX-2 and not dependent on CB receptor engagement or ROS generation within the cells. As colorectal tumour cells that have acquired resistance to the induction of apoptosis are very difficult to treat using current therapies, the significance of this finding is that, by targeting tumour cells with high COX-2 expression to induce non-apoptotic cell death, anandamide represents a novel class of therapeutic agent that may kill tumour cells previously shown to be resistant to induction of cell death.
Materials and methods
Materials. SW480 and HT29 were obtained from the American Type Culture Collection. HCA7/C29 cells were a kind gift from Dr Susan Kirkland (Imperial College, London UK). HCT116 Bax +/-and HCT116 Bax -/-cells were a kind gift from Professor Bert Vogelstein (Johns Hopkins University, Baltimore, USA); these isogenic derivatives differ only in the presence or absence of the BAX gene (31) . SW480, HT29 and HCA7/C29 cell lines were maintained in DMEM containing 10% fetal bovine serum (FBS), glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 μg/ml) at 37˚C in an atmosphere containing 5% CO 2 . HCT116 Bax +/-and HCT116 Bax -/-were maintained in McCoys 5A medium supplemented with 10% FBS, glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 μg/ml). 2-arachidonoylethanolamide (anandamide) (Sigma) was prepared to a stock solution of 10 mM in absolute ethanol (vehicle). Cells were treated at indicated concentrations (10-25 μM) as determined in the previous study (23) . COX-2 coding sequence was a kind gift from the Prescott laboratory (University of Utah, USA) and pIRESneo3 vector was purchased from Clontech. COX-2 siRNA and control siRNA sequences were purchased from Applied Biosystems/Ambion. L-GSH was purchased from Sigma and a stock concentration of 500 mM was prepared in H 2 O. Hydrogen peroxide (H 2 O 2 ) was purchased from BDH, AM251 and AM630 were both from Tocris. TRAIL was a kind gift from Dr Marion Macfarlane (MRC Toxicology Unit, University of Leicester).
Transient transfection. Over-expression of COX-2 in SW480 and HCT116 Bax -/-: SW480 and HCT116 Bax -/-cells were transiently transfected with 2.5 μg COX-2 pIRESneo3 expression construct or pIRESneo3 vector alone using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol.
Inhibition of COX-2 expression in HCA7: COX-2 siRNA sequences were obtained from Applied Biosystems/Ambion (Warrington, UK). The following sequences were used: sequence no. 1 CCGAG GUGUAUGUAUGAGUtt and sequence no. 2 GCACUUCA CGCAUCAGUUUtt. The negative control siRNA (Ambion) had no homology to any sequence in the human or mouse genome. siRNA experiments were carried out as described previously (32) .
Treatment of colorectal carcinoma cell lines.
For all treatment conditions 2% FBS DMEM/F12 medium containing glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 μg/ml) were used in place of their standard growth medium.
Following transfection with COX-2 pIRESneo3 (72 h later) or COX-2 siRNA (24 h later) cells were treated with appropriate concentrations of anandamide or vehicle control for 72 h. For experiments using TRAIL in HCT116 cells, cells were treated for 16 h with 0.1 μg/ml TRAIL. At this point adherent cells (those remaining attached to the flask) were removed by trypsinisation and shed cells (those having detached from the adherent monolayer) were counted separately. Shed cells represent the cells that have undergone cell death and are shown as a percentage of the total cell yield as previously described (33) . For all experiments, each treatment condition and control were conducted in triplicate and repeated at least three times unless otherwise stated.
Western immunoblotting. Western blotting was carried out as described previously (13) . COX-2 protein was detected using a mouse monoclonal COX-2 antibody (Cayman Chemical) at 1:2000. PARP was detected using a mouse monoclonal antibody (Alexis Corporation) at 1:5000. ·-tubulin was detected using a mouse monoclonal (Sigma) at 1:10,000. Bak was detected using a mouse monoclonal (Santa Cruz) and Bax was detected using a rabbit polyclonal (Santa Cruz) at 1:5000, the horseradish peroxidase (HRP)-conjugated secondary antibody was goat anti-mouse at 1:1000 (Sigma), HRPconjugated anti-rabbit antibody (Sigma) or HRP-conjugated anti-goat antibody (Sigma).
Statistical analyses. Statistical analyses were performed using Student's t-test and Dunnett's t-test and expressed as: * p<0.05, ** p<0.01, *** p<0.001.
Results

Increased expression of COX-2 sensitises the SW480 colorectal cancer cell line to anandamide-induced cell death.
Previously we established that pharmacological inhibition of COX-2 activity confers resistance to anandamide-induced cell death (23) , suggesting that high COX-2 expression in tumour cells could be used to target colorectal cancer cells for anandamide-induced cell death. However, as there was no direct genetic evidence, initial experiments were carried out to confirm that COX-2 expression regulates the sensitivity of colorectal epithelial cells to anandamide-induced cell death. A colorectal cell line that has undetectable COX-2 expression, SW480 (Fig. 1A) , was transiently transfected with COX-2 and protein expression confirmed by Western blotting (Fig. 1B) . Interestingly, whilst the vector controls SW480 cells were intrinsically resistant to anandamide-induced cell death (Fig. 1C) , transient over-expression of COX-2 resulted in the significant sensitisation of SW480 cells to anandamideinduced cell death (Fig. 1C) . Cell death was confirmed as the non-apoptotic cell death previously described in detail (23; data not shown).
Reduction of COX-2 expression by RNAi inhibits anandamideinduced cell death in HCA7 colorectal cancer cells.
In determining the role of COX-2 expression in anandamide-induced cell death, it was also important to determine whether a reduction in COX-2 protein expression conferred resistance to anandamide treatment in a previously sensitive cell line. Therefore HCA7 cells, which express very high levels of COX-2 ( Fig. 1A) and have previously been reported to be sensitive to anandamide-induced cell death (23), were transfected with a COX-2 siRNA. The reduction in COX-2 protein expression was confirmed by Western blotting (Fig. 1D) . Results (Fig. 1E) show that the reduction of COX-2 expression in the HCA7 cell line significantly protected the cells from growth inhibition and anandamide-induced cell death.
Anandamide induces cell death in apoptosis-resistant colorectal cancer cells. As colorectal cancer cells can acquire mutations that disrupt the programmed cell death pathways required by many chemotherapeutics for efficacy, there is an urgent need to find novel agents that can target the cancer cells and are not reliant on an intact intrinsic apoptotic path- way to induce cell death. We would suggest that anandamide may represent such an agent, inducing non-apoptotic cell death in colorectal tumour cells which express COX-2.
To test the hypothesis, we utilised the HCT116 Bax -/-colorectal carcinoma cell line ( Fig. 2A) . The HCT116 cells from which these cells are isolated were also deficient in Bak expression ( Fig. 2A) . As Bak and Bax are both critical mediators of apoptosis (34) , the deficiency of both in the HCT116 Bax -/-cells renders them resistant to the induction of apoptosis. HCT116 Bax -/-cells have previously been shown to be significantly protected against fluorouracil (5-FU) and completely resistant to indomethacin and sulindac treatment (31) . To further establish that the HCT116 Bax -/-cells were resistant to apoptosis, cells were treated with TRAIL, a potent inducer of apoptosis (35); the results are presented in Fig. 2 . Heterozygote Bax +/-cells were found to be highly sensitive to TRAIL resulting in a decrease in adherent cell yield and induction of apoptosis (Fig. 2B) . Apoptosis was confirmed in these Bax +/-cells by detection of both cleaved caspase 3 and cleaved PARP (Fig. 2C) . In contrast TRAIL did not affect adherent cell yield or induce cell death in Bax -/-cells, demonstrating that these cells are resistant to the induction of apoptosis (Fig. 2B) .
Having confirmed that the HCT116 Bax -/-are resistant to apoptosis, we sought to determine whether anandamide could induce COX-2-dependent cell death in this cell line. HCT116 Bax -/-cells (which have low/undetectable endogenous levels of COX-2) were transiently transfected with COX-2 (Fig. 2D) , and sensitivity to anandamide-induced cell death compared with the HCT116 Bax -/-vector control cells ( Fig. 2E) . Importantly, the HCT116 Bax -/-vector control cells were not significantly sensitive to anandamide-induced growth inhibition [pIRESneo3 (vector) control cells], again emphasising that anandamide treatment is not generally toxic to colorectal epithelial cells. However, when transfected with COX-2, anandamide treatment resulted in a significant decrease in cell yield and induction of cell death in the HCT116 Bax -/-cells (Fig. 2E) . Cell death was atypical, showing characteristics of the non-apoptotic death described previously in detail (data not shown, 23). For the first time, these results demonstrate that when COX-2 is highly expressed, anandamide can induce cell death in apoptotic resistant colorectal carcinoma cells.
Anandamide-induced cell death is not mediated through cannabinoid receptors.
Although we have previously shown that anandamide-induced cell death in colorectal cancer cell lines is non-apoptotic (23), it has not been established whether this cell death is mediated via the CB receptors. As noted above, cannabinoids have the ability to activate cannabinoid receptors, CB1 and/or CB2, although they can also act independently of cannabinoid receptors (22, 25) . We have previously shown that the COX-2 expressing cell line HCA7 expresses both CB1 and CB2 receptors (13) . In order to determine whether anandamide's effect on cell viability is mediated by the cannabinoid receptors CB1 and CB2, we used cannabinoid receptor antagonists AM251 and AM630, respectively. AM251 and AM630 were used at concentrations previously published (13, 36; 0.5 and 2 μM, respectively). AM630 alone did not affect cell viability; however at all concentrations tested (0.2-2 μM) AM251 treatment did cause a small but significant reduction in cell viability (consistent with previous findings) (13). However, despite this effect on cell yield, neither AM251 nor AM630 significantly repressed the effects of anandamide on HCA7 cells (Fig. 3) . This is in contrast to previous reports showing CB1-dependent anandamide-induced cell death in colorectal cells (17) . Data presented here show that reduction in cell viability in colorectal epithelial cells does not require cannabinoid receptor activation, suggesting that therapeutic efficacy of anandamide would not be limited by cannabinoid receptor expression on target tumour cells.
Anandamide-induced non-apoptotic cell death is not mediated through ROS production. Interestingly, the observation that anandamide induces a CB receptor-independent non-apoptotic cell death in colorectal cells (23) was supported by a study which reported that anandamide induced cell death in primary hepatic stellate cells (HSC) (24) . However, the CB receptorindependent necrotic death reported by Siegmund and colleagues was associated with an increase in ROS formation, meaning that the HSCs could be rescued from cell death by glutathione (24) . Therefore, to investigate whether the cell death induced by anandamide was mediated by ROS in the colorectal epithelial cells, we sought to determine whether exogenous glutathione (L-GSH) could protect colorectal cells from cell death. For this we used the anandamide-sensitive colorectal cancer cell line HCA7. As a positive control for L-GSH activity, treatment with L-GSH showed a dosedependent inhibition of hydrogen peroxide (H 2 O 2 )-induced cell death in HCA7 cells (Fig. 4A) . In comparison, even though anandamide significantly reduced HCA7 cell viability, L-GSH had little effect on anandamide-induced cell death (Fig. 4B) . Since L-GSH did not prevent the reduction in cell survival induced by anandamide, these results suggest that anandamide-induced growth inhibition is not mediated via the production of ROS in colorectal cancer cells. Taken together, these experiments show that anandamide can induce cell death in cells that have acquired resistance to apoptosis, and provide direct genetic evidence that this cell death is dependent on the expression of COX-2 in colorectal epithelial cells. In addition, this COX-2-dependent death was shown to be independent of cannabinoid receptor engagement (CB1 or CB2), and not a direct consequence of ROS formation.
Discussion
Advanced colorectal cancer remains difficult to treat; many patients presenting with metastatic disease are resistant to current therapies, explaining the high mortality associated with this cancer. Therefore there is an urgent need to improve therapeutic outcome for colorectal cancer through developing novel approaches to treat resistant disease. One of the key problems in treating cancer is primary or acquired resistance to chemotherapy-induced apoptosis due to an accumulation of mutations affecting genes such bax, often resulting in treatment failure (37) . Hence it is not surprising that reagents that can induce alternate cell death pathways including autophagic cell death (38, 39) and paraptosis (40, 41) have begun to receive the attention of cancer biologists (42, 43) . For the first time, the data presented here highlight the fact that anandamide, previously shown to induce a non-apoptotic form of cell death, can be used to suppress the growth and induce cell death of bax -/-apoptosis-resistant colorectal tumour cells. This has potentially important implications for the treatment of apoptosis-resistant tumours.
Previously we have reported that anandamide treatment induced a non-apoptotic cell death in colorectal epithelial cells, and using pharmacological inhibition, shown that COX-2 activity was important for the cytotoxic effects of anandamide (23) . In the current study we have provided direct genetic evidence that establishes sensitivity to anandamide-induced cell death is dependent on COX-2 expression, a finding recently supported by a study in murine squamous carcinoma cells (44) . The importance of COX-2 in the response to anandamide is emphasised by the fact that COX-2 is over-expressed in the majority of colorectal carcinomas (85%), and in a large population of colorectal adenomas (40-50%) (29) , suggesting that anandamide treatment may be of benefit both in chemoprevention as well as treatment of advanced disease.
In some previous studies, anandamide has been shown to exert its actions through CB receptors; the action of endocannabinoids via CB receptors has been reported in a number of tumour cell types (21, 45, 46) . Therefore, it was important to establish whether the anti-neoplastic effect of anandamide could be attributed to CB receptor activation in the colorectal epithelial cells. However, neither CB1 nor CB2 receptor antagonists could abrogate the reduction in cell viability induced by anandamide, demonstrating that the response to anandamide in colorectal cells is independent of CB receptor activation. This is consistent with other studies demonstrating that endocannabinoids can act independently of CB receptor activation (22, 24, 47) and suggests that any possible clinical application would not be limited by CB receptor expression.
Interestingly, unlike the findings of Siegmund and colleagues in hepatic stellate cells (24) , ROS were not the main mediators of death in colorectal epithelial cells since L-GSH only conferred limited protection (6-12%) against the cell death-inducing effects of anandamide. This finding is of importance as L-GSH is expressed in the liver, and if anandamide were inhibited by L-GSH it would potentially limit the therapeutic potential of this reagent at a common site for metastatic disease in colorectal cancer patients. However as the majority of cell death occurs in the presence of pharmacologically relevant levels of L-GSH, anandamide has the potential to be effective in patients with advanced disease.
In conclusion, as anandamide induced cell death in the HCT116 Bax -/-cells, this report has demonstrated for the first time that anandamide can efficiently remove cells that are resistant to the induction of apoptosis. In this study we uncover a novel utilisation for aberrant COX-2 expression in tumour cells that are resistant to apoptosis, targeting the enzymic activity to promote the death of the resistant cells. It is also important to highlight that during the progression from primary tumour to the development of metastatic disease many gene mutations occur resulting in metastases being more likely to be resistant to apoptosis (48) . Interestingly, colorectal cancer metastases have been shown to over-express COX-2 compared with normal epithelium (49) . Anandamide may therefore be an effective anti-metastatic agent, able to reduce the growth and induce cell death of apoptotic defective cells that express COX-2, whilst sparing those cells that do not express COX-2. Furthermore, as COX-2 is also over-expressed in a number of other tumour types including prostate, breast and oral cancer this work has a wider implications, suggesting that the anti-cancer effects of anandamide may not be limited to colorectal cancer.
